ptosis and in situ expression of mTOR pathway components were assessed. Results: The expression of mTOR pathway components was comparable in STC-1 and GluTag cells and in human PDNECs and could be inhibited in vitro by everolimus. In vivo, the tumor volume of STC-1 and GluTag xenografts was significantly reduced in treated animals (6.05 ± 1.84% as compared to 21.76 ± 3.88% in controls). Everolimus treatment also induced a significant decrease in Ki67 index and in the phosphorylation levels of the two major effectors of mTOR, p70S6K and 4E-BP1. Conclusion: Our experimental data suggest that mTOR inhibition could be considered a therapeutic option for high-grade gastroenteropancreatic neuroendocrine tumors.
tem. Although GEP NETs are rare, their incidence and, above all, their prevalence are increasing [1] . The new WHO classification 2010 classifies GEP NETs into three main categories: NETs G1, NETs G2 and neuroendocrine carcinomas. NETs G1 and G2 are morphologically well differentiated tumors with respectively, low and intermediate proliferative capacities. Neuroendocrine carcinomas are defined as poorly differentiated tumors, with high proliferative capacities; the recent WHO classification now recognizes two types of GEP neuroendocrine carcinomas: the small cell and the large cell types [2] .
GEP NETs raise difficult therapeutic problems. Surgical resection is the only curative treatment of localized primary NETs G1 and G2. Metastatic disease requires systemic treatments: the range of therapeutic options for well-differentiated NETs has recently dramatically increased, in particular with the emergence of targeted therapies, such as everolimus and sunitinib, which significantly improved progression-free survival in some subsets of NETs, such as pancreatic NETs [3, 4] . By contrast, there is no recent progress in the treatment of poorly differentiated neuroendocrine carcinomas (PDNECs). The standard option for small cell neuroendocrine carcinomas remains a chemotherapy based on the combination of cisplatin and etoposide [5, 6] . However, the median survival remains very low, recurrence is constant and there is no consensus about the best strategy to adopt when a second line of treatment is required and feasible. Moreover, there is no consensus treatment for the rare and recently individualized large cell GEP neuroendocrine carcinomas.
It is therefore important to explore new therapeutic strategies for patients with GEP PDNECs. Very interestingly, Lindholm et al. [7] recently reported a response to temozolomide and bevacizumab in a patient with PDNEC, progressive on standard treatment by cisplatin and etoposide. This result not only supports the interest of the combination of temozolomide and bevacizumab as a therapeutic option, but also suggests that targeted therapies must not be neglected in PDNECs.
Everolimus is a mammalian target of rapamycin (mTOR) inhibitor which inhibits the mTOR complex 1 (mTORC1) and the phosphorylation of its downstream effectors: p70S6kinase (p70S6K) and 4E-BP1. The mTOR pathway is a major mechanism of cellular growth and homeostasis. Its regulation is frequently altered in a large variety of tumors. mTOR thus appeared as a potential target for anticancer therapy, and its inhibition with everolimus has been approved for renal cell carcinoma treatment [8] . Several recent reports support a role for mTOR pathway in GEP NETs. In a large cohort of 99 GEP NETs, Kasajima et al. [9] reported variations in mTOR expression and activity pattern related to tumor location and metastatic status. Downregulation or mutations of PTEN and TSC2, two key inhibitors of the mTOR pathway have been described in pancreatic NETs [10, 11] , whereas rapamycin sensitivity was related to PI3kinase and PTEN mutations, as well as to the phosphorylation level of Akt [12] . Furthermore, in well-differentiated GEP NETs, two recent clinical trials reported extremely promising results with everolimus combined or not with octreotide [3, 13] . To date, since patients with PDNECs have been excluded from clinical trials, the effects of mTOR inhibitors have not been evaluated in these aggressive tumors. Interestingly, two recent studies have shown that high levels of phospho-mTOR are frequently detected in PDNECs [14, 15] , which may lend some support to the therapeutic targeting of mTOR pathway in this tumor subset.
The aim of the present study was to assess the antitumor effect of everolimus in preclinical models of PDNECs, based on two neoplastic neuroendocrine cell lines xenografted in nude mice. We reported that everolimus exerted a strong antitumoral effect in these models, making mTOR inhibitors good candidates as therapeutic options alternative or additional to the currently recognized standard options.
Material and Methods

Human Tissue Samples
Tissue samples of GEP PDNECs were obtained from the collection of digestive NETs housed in the tumor tissue bank 'Tumorothèque des Hospices Civils de Lyon' (Lyon, France). Six cases were retrieved; their clinical and pathological characteristics are summarized in table 1 .
Cell Lines
The STC-1 cell line, a gift of G. Rindi (Department of Pathology and Laboratory Medicine, Roma, Italy), and the GluTag cell line, a gift of D. Drucker (Department of Medicine, Mt Sinai Hospital, Toronto, Ont., Canada), are derived from endocrine intestinal tumors developed in transgenic mice. Both cell lines retain the capacity to synthesize end secrete several neuroendocrine peptides [16, 17] . Cells were routinely cultured in DMEM supplemented with 5 or 10% fetal calf serum (FCS) (for, respectively, STC-1 or GluTag cells), 2 m M glutamine and antibiotics (100 UI/ml penicillin, 100 μg/ml streptomycin).
Protein Analysis
Cells were seeded at a density of 0.15·10 6 cells per well in 6-well plates and maintained 72 h under normal culture conditions. The medium was then replaced by 0.05% FCS-containing DMEM medium for 24 h. The growth factor IGF-1 (PeproTech, Rocky Hill, N.J., USA) and the mTOR signaling inhibitor everolimus (Selleck 333 Chemicals, Houston, Tex., USA) were added for 24 h. Cells were then washed with cold PBS and lysed in cold solubilization buffer (pH 8) containing 150 mM NaCl, 50 mM Tris-base, 2 mM EDTA, 0.5% deoxycholate, 0.1% SDS, 1% NP40, 2 mM Orthovanadate, and 20 mM NaF. Cell lysates were centrifuged at 13,000 rpm for 15 min at 4 ° C and the supernatant was stored at -80 ° C. Protein yield was quantified using the Bradford protein assay kit. Total protein lysates (20 μg) were separated by electrophoresis on a 7.5% SDS-PAGE gel and transferred to a PVDF membrane (Millipore, Billerica, Mass., USA). Saturation was performed in a 0.1% Tween 20 Tris-buffered saline solution containing 5% non-fat dry milk for 1 h. The membranes were hybridized with primary antibodies overnight at 4 ° C, washed and incubated with the corresponding immunoperoxidase-conjugated secondary antibody (Jackson ImmunoResearch Laboratories; Beckman Coulter France, Roissy, France) for 1 h at room temperature. Immunodetection was performed using electrochemiluminescence (ECL Western Blotting Detection System; Covalab, Villeurbanne, France) and the ChemiDoc XR5 machine (Bio-Rad, Marnes la Coquette, France). Crossdetection between phosphorylated and total forms of the proteins of interest was avoided by stripping the membranes. Antibodies against phospho-mTOR ser2448 (No. 2971), mTOR (No. 2972), phospho-p70S6K thr389 (No. 9234) and p70S6K (No. 9202) were purchased from Cell Signaling Technology (Beverly, Mass., USA). Antibodies against phospho-4E-BP1 and 4E-BP1 were from Epitomics (Burlingame, Calif., USA), Antibody against α-tubulin was from Sigma-Aldrich (St. Louis, Mo., USA).
Effects of Everolimus in PDNECs
In vivo Studies
Four-week-old female Swiss nu/nu mice were obtained from Charles River Laboratories (L'Arbresle, France). The animals were maintained in a sterile environment and treated in accordance with ethical recommendations and guidelines of the Animal Welfare Committee of University Lyon 1. Animals were anesthetized prior to all surgical procedures. After surgery, animals were allowed to recover in a sterile atmosphere and were fed ad libitum with a sterile diet.
The xenografting procedure was as previously described [18, 19] . Briefly, 50 μl of a solution containing tumor cells adjusted to a final concentration of 5·10 7 cells/ml were injected into the spleen, from where they disseminated into the liver through the portal vein to form intrahepatic tumor nodules. Three days after cell injection, animals were randomized into treatment and control groups and received everolimus intraperitoneally at a dose of 1.5 mg/kg/day or vehicle only, until the end of the experiment. Animals were weighted twice a week, and sacrificed at day 28; livers were excised and prepared for histological analysis. A total of 48 mice were xenografted with STC-1 cells (24 controls, 24 treated) and 20 mice with GluTag cells (10 controls, 10 treated).
Histologic Analysis and Morphometry
Tissue samples of all animals were fixed in 10% buffered formalin and embedded in paraffin. For histologic examination, 4-μm-thick sections were prepared according to conventional procedures, stained with hematoxylin-phloxin-safran and observed with a light microscope. The amount of intrahepatic tumor tissue was evaluated by morphometry (Histolab; Microvision Instruments, Evry, France). The total surface occupied by tumor tissue was defined as the sum of each individual lesion and was expressed as a percentage of the total surface of the corresponding reference tissue section. The same procedure was followed to determine the number of nodules and the mean nodule surface.
Immunohistochemical Analysis
Immunohistochemistry was performed using a panel of primary antibodies against phospho-mTOR ser2448 (Abcam, Cambridge, UK), phospho-p70S6K (Santa-Cruz Biotechnology, Santa Cruz, Calif., USA), phospho-4E-BP1 (Epitomics, Burlingame, Calif., USA), Ki67 (clone TEC3, Dako, Glostrup, Denmark) and active caspase 3 (R&D Systems, Lille, France).
Antigen retrieval was performed by incubating sections for 35 min in a citrate buffer (pH 6) preheated at 98 ° C. A standard horseradish peroxidase staining procedure was followed using an appropriate biotinylated antibody and the EnVision TM detection kit 
Statistical Analysis
Statistical analyses were carried out with StatView (SAS Institute). Differences in viability and morphometric data were investigated by using the Mann-Whitney U test. p < 0.05 was considered statistically significant. The results are shown as the mean ± SEM.
Results
Expression of mTOR Signaling Pathway in Human GEP PDNECs
In the 6 cases of GEP PDNECs retrieved from our collection ( table 1 ) , we evaluated the apparent expression levels of the two major effectors of mTOR: phospho-p70S6 Kand phospho-4E-BP1 by immunohistochemistry. In all tumors examined, including 2 cases of small cell PDNECs and 4 cases of large cell PDNECs, the majority of neoplastic cells exhibited a strong expression of the two proteins. As illustrated in figure 1 , phosphorylated p70S6K was detected in the nucleus of tumor cells, whereas the distribution of phosphorylated 4E-BP1 was nuclear and cytoplasmic.
STC-1 and GluTag Cell Lines Mimic PDNECs in vivo
Among the various neuroendocrine cell lines used in the laboratory, we selected STC-1 and GluTag because the tumors derived from these cells xenografted to nude mice closely resemble human PDNECs. As shown in figure 2 a, intrahepatic nodules derived from xenografted STC-1 and GluTag were formed by neoplastic cells with neuroendocrine morphology. Tumor nodules were made of solid sheets of neoplastic cells interspersed with small cystic spaces filled with red blood cells. Neoplastic cells were small-to medium-sized, with a high nucleo-cytoplasmic ratio, their cytoplasm was basophilic, and the nuclei were large with a granular, finely dispersed chromatin sometimes containing one or several small nucleoli. The overall architecture and cell morphology were therefore reminiscent of those observed in human GEP PDNECs.
We analyzed by immunohistochemistry the expression of phosphorylated forms of mTOR, 4E-BP1 and p70S6K in the intrahepatic nodules of xenografted mice. A strong expression of phosphorylated mTOR, p70S6K and 4E-BP1 was detected in both STC-1-and GluTag-derived intrahepatic nodules ( fig. 2 b) . These results showed that the expression profile of the major effectors of the mTOR pathway in our experimental tumors was comparable to that observed in human GEP PDNECs. Furthermore, the Ki-67 index was 52.0 ± 4.2 and 30.5 ± 2.4% in STC-1-and GluTag-derived intrahepatic nodules, respectively, which is in the range usually observed in PDNECs.
These morphological and immunophenotypic observations confirmed that STC-1-and GluTag-derived tumors, despite some differences, such as the capacities of hormone secretion [16, 17] , could be considered representative of human high grade GEP neuroendocrine neoplasms because of their morphology, functional properties, high proliferative capacities and rapid growth. 
Effects of Everolimus on the mTOR Signaling Pathway in vitro
We then verified that both cell lines constitutively express a functional mTOR pathway in vitro. The expression of total and phosphorylated forms of mTOR, p70S6K and 4E-BP1 was assessed by Western blotting after protein extraction on cells maintained in normal culture conditions. The proteins mTOR, p70S6K and 4EB-P1 were expressed and furthermore, highly phosphorylated in both STC-1 and GluTag cell lines ( fig. 3 , lane 1) .
We then examined whether everolimus can inhibit the mTOR signaling pathway in STC-1 and GluTag cells. To address this question, cells were treated with 3 nM exogenous IGF-1 to mimic the microenvironment conditions of the tumors. As shown in figure 3 , lane 2, IGF-1 was able to increase the phosphorylation of mTOR, p70S6K and 4E-BP1. Everolimus (11 nM) reduced IGF-1-induced phosphorylation of mTOR to the basal level, whereas it induced complete abrogation of p70S6K and 4E-BP1 phosphorylation in both cell lines ( fig. 3 , lane 3) . These results showed that everolimus totally inhibited the action of the effectors of mTOR in STC-1 and GluTag cells. 
Effects of Everolimus on Tumor Development in Xenograft Models
The effect of everolimus on the development of STC-1-and GluTag-derived intrahepatic tumor nodules was assessed in the experimental model of intrahepatic dissemination after intrasplenic injection of tumor cells [18, 19] . Everolimus treatment strongly inhibited tumor development in vivo. In STC-1-xenografted mice, the total tumor tissue surface evaluated to 14.84 ± 2.06% in control animals was significantly reduced to 2.51 ± 0.6% in treated animals (p < 0.05). Similar results were obtained in GluTag-xenografted mice: the total tumor surface was significantly decreased from 21.76 ± 3.88% in control animals to 6.05 ± 1.84% in treated animals (p < 0.05) ( fig. 4 ) . As shown in figure 4 , everolimus-induced reduction of tumor surface was the result of a decrease of the number of tumor nodules as well as their mean surface in both STC-1-and GluTag-xenografted mice.
Ki67 index determined in STC-1-derived intrahepatic nodules was 52.0 ± 4.2% in control animals as compared to 41.33 ± 2.56% in treated animals. Similar results were obtained in GluTag-derived intrahepatic nodules where Ki67 index was 30.5 ± 2.4% in control animals as compared to 20.44 ± 0.95% in treated animals. The differences were statistically significant (p < 0.05). These results suggested that the reduction in tumor mass observed under everolimus was, at least in part, due to an in vivo antiproliferative effect of the drug. In contrast, no difference was observed in the percentage of cells expressing active caspase 3 between control and treated animals.
Interestingly, body-weight curves indicated a significant stabilization of the weight of treated animals, whereas control animals lost weight from day 18 in both experiments ( fig. 4 c, d ). This result suggests that everolimus treatment may be able to improve the clinical status of the animals xenografted with either STC-1 or GluTag cells.
Antitumor Effect of Everolimus Was Correlated to the Inhibition of mTOR Signaling
To assess whether the antitumor property of everolimus in vivo was associated with the inhibition of the mTOR signaling pathway, we analyzed by immunohistochemistry the expression of phosphorylated forms of mTOR, 4E-BP1 and p70S6K in the intrahepatic nodules of xenografted mice. While the expression of phosphomTOR remained unchanged in treated mice, the apparent expression levels of phospho-4E-BP1 and phospho-p70-S6K were greatly reduced in everolimus-treated animals bearing both STC-1-and GluTag-derived tumors ( fig. 5 ).
Discussion
PDNECs amount up to only 5-10% of GEP NETs and, while they may occur anywhere in the gastrointestinal tract, they predominate in the hindgut. The recent WHO classification recognized two distinct morphological subtypes: the small cell type and the large cell type. Despite the current treatments, based on the combination etopo- STC-1 GluTag Fig. 3 . Effect of everolimus on the mTOR pathway in STC-1 and GluTag cell lines by Western blot analysis after protein extraction. Lane 1: STC-1 and GluTag cells expressed high levels of mTOR, p-mTOR, p70S6K, p-p70S6K, 4E-BP1 and p-4EB-P1 in normal culture conditions. Lanes 2 and 3: the mTOR pathway was stimulated with IGF-1 (3 nM) and the effect of everolimus (11 nM) was assessed in the presence of IGF-1 at 24 h. IGF-1 promoted the phosphorylation of mTOR, p70S6K and 4E-BP1 in both STC-1 and GLUTag cells, whereas everolimus reversed the IGF-1-induced phosphorylation. Representative of at least three independent experiments. In vivo effects of everolimus in a xenograft model. Everolimus (1.5 mg/kg/day) or vehicle was administrated to mice during 25-28 days following intrasplenic graft. a Histologic and morphometric analyses of intrahepatic tumors after STC-1 and GLUTag xenografts. Control liver displayed large intrahepatic nodules while only few small nodules invaded the liver of treated mice. HPS staining. ×4. The total tumor tissue surface was significantly reduced upon everolimus treatment ( * p < 0.05). b Everolimus reduced the number of intrahepatic nodules as well as the surface of the nodules ( * p < 0.05). Everolimus treatment delayed the loss of weight observed in control mice from day 18, either in STC-1-or GluTag-xenografted mice. side-cisplatin, the prognosis of both subtypes is poor, with median survival durations in patients with localized, regional and distant disease of 34, 14 and 5 months, respectively [1] . It is therefore important to search for new therapeutic strategies in order to improve the efficacy of first-or second-line therapies for these very aggressive tumors. In this context, Lindholm et al. [7] described a dramatic response to a combination of temozolomide, an alkylating agent, and bevacizumab, a monoclonal antibody targeting tumor angiogenesis, after failure of cisplatin and etoposide. This study demonstrated the potential antitumor effect of the anti-VEGF antibody bevacizumab combined with temozolomide. Other targeted therapies have never been evaluated in PDNECs.
Effects of Everolimus in PDNECs
The rarity of these tumors has so far hampered the development of clinical trials. In this context, we designed preclinical models of PDNECs on the basis of two tumor endocrine cell lines: STC-1 and GluTag. Tumors derived from STC-1 or GluTag cells xenografted to nude mice present strong morphological similarities with human PDNECs: overall architecture, cell morphology and high proliferative capacities. Some differences must be ac- knowledged: STC-1 and GluTag cells retain capacities of hormone synthesis and secretion [16, 17] , in contrast to most human PDNECs, and do not harbor TP53 mutations, which are frequent in PDNECs [20] . Despite these functional and molecular differences, STC-1 and GluTag can be considered as representative of high grade human neuroendocrine neoplasms because of their high proliferative capacities and rapid growth. Among targeted therapies, the antitumor activity of everolimus, an oral inhibitor of mTOR, was recently demonstrated in well-differentiated GEP NETs: the RADI-ANT 3 trial reported a significant increase of progressionfree survival from 4.6 months with placebo to 11 months with everolimus in patients with advanced pancreatic NETs [3] . In patients with carcinoid syndrome, the combination of everolimus and octreotide had an almost significant effect on progression-free survival [13] . Recent observations in the literature supported a rationale to evaluate this therapy in patients with PDNECs. First of all, Shida et al. [14] compared the expression of phosphomTOR between well-differentiated and poorly differentiated neuroendocrine neoplasms. The authors observed a high expression of phospho-mTOR in 67% of PDNECs, as compared to 27% of well-differentiated NETs and carcinomas. Secondly, Catena et al. [15] studied the expression of phospho-mTOR in a series of 36 patients diagnosed with PDNECs. A high expression of phosphomTOR was observed in 80% of these tumors. Furthermore, in a phase II study evaluating the effect of temsirolimus (another mTOR inhibitor) in advanced neuroendocrine carcinomas, higher baseline levels of phospho-mTOR were predictive of tumor response and decrease in phospho-mTOR after temsirolimus treatment was associated with increased time to progression [21] .
In the present study, we also demonstrated a strong expression of phospho-mTOR and its related effectors in several cases of PDNECs obtained from our tumor collection. Moreover, STC-1 and GluTag cell lines demonstrated a high activity of the mTOR pathway in vitro, which can be easily reduced by everolimus. We thus treated STC-1 and GluTag-xenografted mice with everolimus, and evaluated the antitumor effect of this mTOR inhibitor 4 weeks later. First of all, everolimus was able to reduce the weight loss induced by growing tumors, thus improving the clinical status of the animals. We cannot definitively exclude that this effect could be mediated, at least in part, through a decrease in hormone release from neoplastic cells, either indirectly through the reduction of tumor mass, or directly through an inhibitory effect of everolimus on hormone secretion, as described in some clinical situations. This may be particularly the case for the two cell lines used in this study, since GLP-1, produced by STC-1 cells [16] , and glucagon, produced by GluTag cells [17] , are suspected to play a role in cancer cachexia and anorexia [22] . The differences observed between the body-weight curves of STC-1-and GluTagbearing animals may be due to a major catabolic effect of glucagon or to a major hormone production.
At the tumor level, everolimus induced a decrease of the number of nodules as well as their mean surface, resulting to a dramatic decrease of the total tumor surface. This was concomitant with a clear decrease of the phosphorylation level of the two major effectors of mTOR, p70S6K and 4E-BP1, inside the tumor nodules. Our data suggest that this important reduction in tumor mass is due to a decrease in proliferation rather to an increase in apoptosis, since we found a significant decrease in Ki67 index between control and treated animals, but no difference in the percentage of cells expressing active caspase 3. Additional effects of everolimus treatment may be also involved, such as the antiangiogenic effect we previously observed with another mTOR inhibitor, rapamycin, in a comparable preclinical model [19] .
Our results, together with those of the literature, strongly suggested that the rapid progression of PDNECs could be related to the high activity of the mTOR pathway in these tumor cells. The results obtained with preclinical models supported the potential interest of the mTOR inhibitors as effective anti-tumor agents for these highly malignant tumors. As suggested by the success of the combination bevacizumab and temozolomide [7] , the use of the mTOR inhibitors should probably be considered in combination with other molecules such as chemotherapeutic agents or other targeted therapies. Indeed, a stronger efficacy should be obtained by targeting mTOR pathway at several levels, such as PI3kinase and mTOR levels, by using new inhibitors targeting both complexes mTORC1 and mTORC2, or by targeting several pathway simultaneously (mTOR and MAPkinase pathways) [23, 24] . If further clinical studies are now needed, our data suggest that mTOR inhibition could be considered a therapeutic option for high grade GEP NETs.
